A classical effect of nonlinear acoustics is that a plane sinusoidal acoustic wave propagating in a nonlinear medium transforms to a sawtooth wave with one shock per cycle. However, the waveform evolution can be quite different in the near field of a plane source due to diffraction. Previous numerical simulations of nonlinear acoustic waves in the near field of a circular piston source predict the development of two shocks per wave cycle ͓Khokhlova et al., J. Acoust. Soc. Am. 110, 95-108 ͑2001͔͒. Moreover, at some locations the peak pressure may be up to 4 times the source amplitude. The motivation of this work was to experimentally verify and further explain the phenomena of the nonlinear waveform distortion. Measurements were conducted in water with a 47-mm-diameter unfocused transducer, working at 1-MHz frequency. For pressure amplitudes higher than 0.5 MPa, two shocks per cycle were observed in the waveform beyond the last minimum of the fundamental harmonic amplitude. With the increase of the observation distance, these two shocks collided and formed one shock ͑per cycle͒, i.e., the waveform developed into the classical sawtooth wave. The experimental results were in a very good agreement with the modeling based on the Khokhlov-Zabolotskaya-Kuznetsov ͑KZK͒ equation.
I. INTRODUCTION
A plane piezoelectric transducer can usually be considered as a piston source. In the limit of infinite aperture, it radiates a plane acoustic wave. If the aperture is finite, but large compared with the wavelength, the radiated wave may be considered as a quasiplane wave. Nonlinear evolution of plane acoustic waves is a well-studied phenomenon. It is interesting, therefore, to compare classical theoretical results for the plane waves with those obtained in the experiments with intense waves generated by piezoelectric sources of finite size. In the first experiments of this kind the transformation of an initially sinusoidal waveform into a sawtooth waveform was observed and it was concluded that the results were in a good accordance with the classical theory. [1] [2] [3] Later, the effect of diffraction on the nonlinear waveform was studied. 4 -7 It was found that diffraction causes an asymmetry in the nonlinear waveform. However, the basic features of waveform distortion for a diffracted wave were found to be similar to those of a plane wave. In particular, the peak pressure during the shock formation is of about the same value as the initial wave amplitude, and only one shock is formed within each wave cycle. Most of the theoretical work was performed for Gaussian sources.
In an earlier paper, 8 the authors conducted a numerical study of the near field of an intense continuous wave ͑cw͒ piston source. Two theoretical models and corresponding numerical codes for the description of nonlinear acoustic beams were reported. In the first model, simulations were performed in the time domain. Diffraction, nonlinearity, and arbitrary frequency-dependent absorption were treated independently using the method of fractional steps with a secondorder operator-splitting algorithm. 9 The second model was a newly developed frequency-domain algorithm based on the KZK equation. 8 The main feature of the second code developed was that it was optimized to reduce calculation time in the presence of shocks. The results of the two models were found to be in a very good agreement. The frequency-domain code was used to study the strongly nonlinear regime of beam propagation, that is, where shocks are developed close to the source. Somewhat unexpected features of the waveform distortion in the near field were predicted. Figure 1 shows typical on-axis waveforms at three increasing distances for the linear regime ͑dotted line͒ and nonlinear regime ͑solid line͒. It is seen that formation of two shocks per cycle is predicted, in contrast to the theory for plane waves. Another interesting feature is the amplification of the peak pressure: In Fig. 1͑a͒ the peak pressure is 3 times larger than the source amplitude. Linear theory predicts a maximum is amplification of 2. The aforementioned effects are visible only within a limited range in the near field of the source. For larger distances the two shocks collide ͓Fig. 1͑b͔͒ and form one shock per cycle ͓Fig. 1͑c͔͒, i.e., the waveform develops into the usual sawtooth wave.
The motivation of this work was to experimentally verify and further explain the peak pressure amplification and existence of the ''double-shock'' regime. a͒ Electronic mail: oleg@acs366.phys.msu.ru
II. MATERIALS AND METHODS

A. Experimental setup
The experimental setup was similar to that used by Nachef et al. 10 and is shown in Fig. 2 . The circular piston source had an aperture diameter of approximately 47 mm and an operating frequency of 1.0 MHz. The transducer was made from a PZT piezoceramics with an acoustic impedance of 31 MRayl ͑P762, Quartz et Silice, France͒. It had a matching quarter-wave plate of 3.4-MRayl impedance, at the front side, and a loaded epoxy wax backing of 4.5-MRayl impedance, at the rear side. Further details on the transducer assembly can be found in Ref. 10 . The presence of the backing reduced parasitic plate waves, which appear in the piezoceramics in addition to the principal thickness vibration. If the necessary steps are not taken, these plate waves can significantly disturb the uniformity of the transducer surface vibration and, as a result, the source may not operate as an ideal piston. 11, 12 The source was placed in a 0.75ϫ0.6ϫ0.5-m tank filled with degassed and demineralized water. To simulate a continuous wave ͑cw͒, the transducer was driven by a tone burst ͑30 cycles͒ from a waveform generator ͑8116A, HewlettPackard͒. The voltage from the generator was amplified by a 600-W power amplifier ͑Ampar 1004, Prana, France͒. To reduce nonlinear distortion of the electrical signal a narrowband filter, with central frequency of 1 MHz, was used after the power amplifier. The pressure field was measured with a broadband PVDF calibrated hydrophone with 0.3-mm active element diameter ͑GL049, SEA͒. The pressure waveform was recorded within a 10-s window starting 20 s after the first arrival of the signal. The signal from the hydrophone was amplified with a wide-band preamplifier ͑A17DB, SEA͒, digitized by an oscilloscope ͑Tektronix 2430A͒, and then transferred to a computer. An x-y-z computer-controlled positioning system was used to move the hydrophone along the axis of the transducer symmetry with an accuracy of 0.01 mm ͑Micro-Contrôle, France͒. The procedure of finding the axis of symmetry ͑acoustical axis͒ has been described previously. 10, 12 For correct representation of the nonlinearly distorted waveform, the hydrophone should have uniform amplitude and phase responses within the frequency range of the recorded signal. Although the hydrophone used was fairly broadband, its frequency response was not flat ͑Fig. 3͒. To avoid the corresponding waveform distortion, the recorded waveform was corrected based on the hydrophone frequency response. The latter was measured by dividing spectra of theoretically predicted and measured waveforms at a sufficiently large distance from the source, where the signal had sawtooth waveform with one shock per cycle. The hydrophone frequency response ͑amplitude and phase͒ is shown in ͑SEA͒ data on the hydrophone calibration in the frequency band from 0.2 to 20 MHz. It is seen that our measurements ͑circles͒ coincide very well with this curve. Some decrease in the hydrophone sensitivity for high frequencies can be explained by the attenuation introduced to these frequencies by the preamplifier. The amplitude response in Fig. 3 is normalized by the hydrophone sensitivity at 1 MHz, which was given as 61.7 mV/MPa by a manufacturer. Note that the measured hydrophone response is somewhat irregular for the frequencies higher than 25 MHz; this is an indication of a possible poor accuracy. However, the corresponding frequency components in the signal spectrum were very small even for waves with shocks, i.e., their inaccurate detection could not significantly change the waveform.
B. Determination of the piston source parameters
A circular piston source can be characterized by three parameters: frequency, f, radius, a, and the normal velocity amplitude on the piston surface, u n . Instead of u n it is more convenient to use effective acoustic pressure amplitude of the source, p 0 ϭcu n , where and c are the ambient density and the sound speed, correspondingly. In the linear regime, an exact solution for the acoustic pressure distribution along the axis is pϭ2p 0 ͉sin͓(f/c)(ͱa 2 ϩz 2 Ϫz)͔͉, where p is the amplitude and z is the axial distance from the source. 13 The experimental values for the frequency and the sound speed were f ϭ1 MHz and cϭ1490 m/s. The value of the effective source radius, a, was determined by comparing the measurements of the axial distribution of the acoustic pressure in the linear regime with the theoretical solution. Figure  4 compares the axial distribution of the peak-to-peak value of the hydrophone signal normalized by the amplitude of the last ͑outermost͒ lobe, and the theoretical distribution for a piston of radius aϭ23.2 mm. The choice of a gives the same coordinate of the last minimum as that obtained experimentally. It is seen that the two curves coincide very well for distances larger than 60 mm from the source. At smaller distances discrepancies arise due to the finite size of the hydrophone and because the transducer velocity distribution is not perfectly uniform due to existence of plate waves in the piezoceramics. 11, 12 A radius of aϭ23.2 mm was used in the numerical modeling.
Another parameter necessary for the modeling of a nonlinear field is the source pressure amplitude p 0 . In the linear regime, the value of p 0 can be found as half of the amplitude of the last lobe ͑see Fig. 4͒ . In the nonlinear regime, the amplitude of the last lobe is decreased due to nonlinear attenuation, so p 0 cannot be measured in the same way. To avoid this difficulty, the wave amplitude was measured close to the source before nonlinear effects become pronounced. The waveforms in the linear and nonlinear regimes are shown in Fig. 5 . The two signals on the top are for a low transducer voltage (U pp ϭ13 V peak-to-peak͒; the two signals at the bottom are for the maximum voltage used (U pp ϭ516 V peak-to-peak.͒ The right-hand side plots correspond to the position of the last lobe maximum, zϭ370 mm. In the low-voltage case the waveform at this distance is sinusoidal, as would be expected in the linear one. Therefore, given the hydrophone sensitivity and the linear solution for the on-axis pressure, one can determine the transducer pressure amplitude p 0 . In contrast, at the high transducer voltage, the waveform is strongly distorted due to acoustic nonlinearity, and linear theory cannot be used to determine p 0 . The signals on the left-hand side correspond to measurements at z ϭ40 mm. It is seen that, even at the maximum level of the transducer voltage, the waveform remains sinusoidal, i.e., nonlinear acoustic effects can be neglected here. Therefore, the ratio between the signal amplitudes at the two levels can be considered equal to the corresponding ratio for p 0 and the source pressure in the nonlinear regime can be determined. These measurements were repeated at different levels of the transducer voltage, and it was found that the value of p 0 varied linearly with the transducer voltage. The maximum voltage U pp ϭ516 V corresponded to a pressure amplitude p 0 ϭ1.01 MPa.
C. Theory
The nonlinear acoustic field radiated by a circular piston source can be modeled by the Khokhlov-ZabolotskayaKuznetsov ͑KZK͒ equation. 4 The KZK equation can be written in terms of the axial component of the particle velocity u as Here, ϭtϪz/c is the retarded time, is the ambient density, ␤ is the nonlinear parameter, and b is the dissipative parameter of the medium, ⌬ Ќ ϭ‫ץ‬ 2 /‫ץ‬r 2 ϩr Ϫ1 ‫‪r‬ץ/ץ‬ is the transverse Laplacian, and r is the lateral coordinate ͑distance from the axis of symmetry͒. Within the framework of the KZK equation it is valid to use the plane-wave impedance relationship pϭcu to transform between acoustic pressure p and particle velocity u. The boundary condition at zϭ0 appropriate for a uniform baffled piston is: 
III. RESULTS AND DISCUSSION
A. Comparison of experimental data and numerical results
The measurements and corresponding modeling were performed for various levels of the source pressure amplitude p 0 . For pressure amplitudes higher than 0.5 MPa, two shocks per cycle were observed in the waveform beyond the last minimum of the fundamental harmonic amplitude. However, results are presented only for the maximum source amplitude p 0 ϭ1.01 MPa. Nonlinear waveform distortion and shock formation were most pronounced in this case. Figure 6 shows theoretical and experimental waveforms at various distances from the source. The waveforms are shown within a 2-s temporal window, i.e., for two cycles of the radiating frequency 1 MHz. To illustrate the complexity of the nearfield structure, the simulated 2D distribution of the wave amplitude in linear regime is shown in the middle of the picture. Circles mark the locations where the waveforms were measured. It is seen from Fig. 6 that all the experimental curves are nearly identical to the corresponding theoretical waveforms. At relatively small distance zϭ70 mm, the waveform is distorted similar to the case of a plane wave. At larger distances the distortion becomes unusual. For instance, at zϭ170 mm the waveform is shocked, but, contrary to the case of a plane wave, the waveform includes a local maximum, i.e., it is not monotonic between the shocks. This can be explained by the fact that at zϭ170 mm in the linear regime the wave amplitude is close to zero ͑see the 2D beam structure in Fig. 6 .͒ As a result, the second harmonic predominates over the fundamental and the waveform appears to double its frequency. For longer distances, the local maximum between the shocks increases ͑see, e.g., zϭ210 mm), giving rise to a shock formation at zϭ250 mm. At this point there are two shocks per wave cycle. Further propagation of the wave leads to collision of these two shocks and only one shock remains (zϭ280 and 320 mm͒.
Shown in Fig. 7 are experimental waveforms that illustrate in more detail the formation of the second shock and interaction of the two shocks. Note that only one cycle is presented. The first shock formed at approximately z ϭ130 mm ͑data not shown͒. At the first shown waveform (zϭ220 mm) this shock sits in the rarefaction phase of the waveform. Because of that, it propagates slower than the low-amplitude signal, i.e., moves from left to right in the waveform curves of Fig. 7 . A peak in the following compression phase increases in amplitude with distance and finally also becomes shocked (zϭ260 mm). It propagates faster than the low-amplitude signal, i.e., moves from right to left in Fig. 7 (zϭ260-300 mm) . This behavior is in a qualitative agreement with the properties of plane nonlinear acoustic waves. 5 Since the second shock moves faster than the first one (zϭ260-300 mm), finally they collide (zϭ320 mm). After the collision the waveform contains only one shock per cycle. This sawtooth wave has an asymmetric shape: the compression phase is shorter than the rarefaction one and the positive peak pressure exceeds the negative peak pressure. As a result, the shock front propagates faster than the lowamplitude signal (zϭ320 and 340 mm͒. This kind of waveform is typical for the diffracted sound beams. 4 
FIG. 6.
Comparison of the theoretical ͑left-hand side͒ and the experimental ͑right-hand side͒ waveforms on the acoustic axis at various distances z from the source. Drawn in the middle is the theoretical 2D distribution of the wave amplitude in linear regime ͑linear gray scale͒. Darker regions correspond to higher amplitudes.
B. Discussion
The observed nonlinear evolution of the acoustic wave radiated by a piston source is quite unusual compared to the accepted nonlinear behavior of a plane wave or a wave from a Gaussian source. The phenomenon observed here can be explained in terms of direct and edge waves. The decomposition of the wave into these two waves is frequently used in the analysis of the transient radiation from a piston.
14 The direct wave is a plane wave propagating along the transducer axis. The edge wave comes from the transducer rim and has a toroidal wavefront. In the nonlinear case the principle of superposition is no longer valid, so the direct and the edge wave cannot be considered as independent. On the other hand, in the near field they are noncollinear and, as a result, interact weakly. Furthermore, the edge wave has much smaller amplitude on the path from the edge to the axis. It is only near the axis that the amplitude of the edge wave is close to that of direct wave, due to simultaneously arriving signals from the entire transducer rim. The wave radiated by the piston source, therefore, can be approximated as a superposition of nonlinear plane wave and linear edge wave
Similar interpretation of experimentally observed nonlinear wave distortion was previously used by Hobaek and Ystad in the study of a focused beam. 15 They considered the edge wave as a linear ''background signal'' for the shocked direct wave. However, they did not observe nor predict a second shock associated with the edge wave.
The nonlinear evolution of a plane wave ͑direct wave͒ is governed by the Burgers equation
with the boundary condition p D ϭ p 0 •sin(2f) at zϭ0. Equation ͑3͒ was solved numerically using a frequencydomain finite difference algorithm. 8 The edge wave on the axis is an inverted replica of the source waveform, retarded in accordance with the distance to the edge Figure 8 compares the waveforms calculated using the KZK equation ͑1͒ and those from Eqs. ͑2͒-͑4͒. It is seen that the waveforms of the two models are almost indistinguishable at small distances (zр150 mm), even when the wave- form is shocked. This confirms the behavioral assumptions used for the direct and edge waves. For larger distances, the nonlinearity influences the edge wave as well and discrepancies between results of the two models appear, especially in the structure of the compression part of the waveform ͑Fig. 8͒. Growth of the positive peak pressure can be interpreted as a result of nonlinear focusing of the edge wave near the axis. Further propagation of the wave can no longer be considered as a superposition of two independent waves. The wave behaves more like a nonlinear plane wave. The negative pressure shock propagates slower than the linear wave; in contrast, the positive pressure shock propagates faster. This results in collision of the two shocks and formation of one shock.
͑4͒
In addition to the double-shock structure of the waveform, our earlier modeling 8 predicted an increase of the positive peak pressure ͑3-4 times͒ compared to the source pressure p 0 . This increase can be interpreted as a consequence of the edge wave nonlinear focusing. Indeed, it is known that nonlinearity may result in better focusing, because the higher harmonics are less diffractive. 4 As it was shown previously, 8 the effect of the peak pressure amplification is highly localized both in time ͑0.05-0.1 s͒ ͑see the waveform at z ϭ280 mm in Fig. 6͒ and in space in the lateral direction ͑0.5 mm͒. Therefore, experimental observation of the peak pressure increase is possible only by a hydrophone with sufficiently good response and with sufficiently small active element. Also, a very accurate positioning of the hydrophone on the axis of symmetry is needed. The importance of the hydrophone response is illustrated in Fig. 9 . The hydrophone signal before calibration ͑a͒ shows a lower peak than the waveform with the frequency response correction ͑b͒. The theoretical waveform is shown by curve ͑c͒ and is in good agreement with the corrected waveform. The experimental curves are shifted in time by 0.4 s ͑a͒ and 0.2 s ͑b͒, correspondingly, for easier comparison. It is seen that more than 3 times increase in the peak is not observed without the frequency response correction. The fact that the peak pressure can be up to 100% larger than the peak predicted by linear theory is an important observation that is especially relevant at ultrasound intensity levels that could cause damage to the propagation medium.
IV. CONCLUSIONS
Nonlinear distortion of the pressure waveform in water in the near field of an intense circular piston source was investigated. The experimental measurements confirmed the theoretical prediction of amplification of peak pressure due to nonlinear diffraction, the formation of two shocks per wave cycle, and their subsequent collision. This nonlinear evolution of a wave in the near field of a piston is very different from that of a plane wave and can be interpreted in terms of direct and edge waves. The results of the measurements are in a good agreement with theory based on the KZK equation. The effects studied in the present paper have not been observed before; however, they may be of importance for various applications of piston ultrasound sources operating at high levels, e.g., therapeutic application of intense ultrasound. FIG. 9 . Observation of nonlinear increase of the peak pressure. ͑a͒ Signal at the output of the hydrophone; ͑b͒ the hydrophone signal corrected using the frequency response; ͑c͒ theoretical waveform. The waveforms a and b are shifted for easier comparison.
